The dynamics of water content in the superficial layers of soils is critical in the modelling of land-surface processes. In arid regions, vapour flux contributes significantly to the global water mass balance. To account for it in theoretical descriptions, most of the models proposed in the literature rely on the local equilibrium assumption that constrains the vapour pressure to remain at its equilibrium value. It implicitly amounts to consider an instantaneous phase change. Recent works underlined a retardation time and a decrease in phase change rate as the water content gets lower. Therefore, the objective is to revisit water transport modelling by rejecting the local equilibrium assumption. This requires developing a non-equilibrium model by taking into account the phase change kinetics. To assess the interest of this approach, a natural soil of Burkina-Faso has been experimentally character- files with computational predictions confirms the reliability of this description. Liquid/gas non-equilibrium is significant in a limited subsurface zone which defines explicitly the transition from liquid transport in lower layers to vapour transport in upper layers, i.e., the evaporation front. The overall moisture dynamics is governed by the coupling between water transport mechanisms (liquid filtration, vapour diffusion, phase change) that mainly occurs in this transition zone.
water content evolves in the capillary domain from saturation to the milting 23 point. Since water vapour flow in semi-arid and arid regions can represent a 24 major part of the overall water flow, it is important to take it into account 25 together with liquid water flow when evaluating hydrologic fluxes (Garcia-26 Gonzalez et al., 2012; Sakai et al., 1999) . In this framework, classical models (Tuller and Or, 2002) . It is 36 therefore noteworthy to consider that modelling water transport phenomena 37 at low water content calls for a specific description.
38
In particular, the local equilibrium assumption is extensively used in most 39 of the theoretical models proposed in the literature (Bittelli et al., 2008; 40 Garcia- Gonzalez et al., 2012; Grifoll et al., 2005; Novak, 2010; Parlange et al., tions in a single one describing the global soil moisture content. Implicitly, it 48 amounts to consider that the evaporation process is instantaneous in compar- 1994; Bénet and Jouanna, 1982; Chammari et al., 2008) . In the hygroscopic 53 domain where adsorption phenomena predominate, phase change kinetics is 54 strongly influenced by the thermodynamic state of water and evaporation 55 rate is drastically reduced (Bénet et al., 2009; Lozano et al., 2008) . These 56 experimental observations conduced us to reconsider the local equilibrium 57 assumption in order to assess its reliability.
58
The aim of this contribution is to revisit water transport modelling in the 
80
• The solid skeleton is undeformable. Assuming a rigid structure is a 81 strong hypothesis since evaporation and dehydration processes in non-82 consolidated soils generally lead to global shrinkage. However, we focus 83 our attention on the hygroscopic domain where these effects are negli-84 gible.
85
• The total gas pressure is constant and uniform, since the convective 86 transport in the gas phase is negligible. Actually, it means that the gas 87 permeability is large enough to assume that a pressure gradient will 88 be instantaneously equilibrated when compared to the other transport phenomena.
90
Therefore, three elementary phenomena are considered: liquid filtration governed by capillary and gravity effects, vapour diffusion in the gas phase and liquid-gas phase change of water. Fundamental mass balance equations of water in liquid and gas phase are written: 
and the vapour partial pressure in the gas phase, p v (Pa), linked to the ap-100 parent density of vapour, ρ v , through the ideal gas law:
where R (J kg −1 ) is the ideal gas constant and M w (kg) is the molar mass content by: 
where 
where L (kg K s m −5 ) is a phenomenological coefficient to be determined ex-
144
perimentally as detailed in next section. The vapour pressure at equilibrium,
145
p veq , is defined as the product of the saturating vapour pressure at the given temperature multiplied by the water activity:
The liquid activity is defined by the sorption isotherm curve. Finally, mass balance equations are written:
These non-linear equations are strongly coupled, on one hand, through the 156 phase change term,ρ v , and on the other hand, through physical characteris-157 tics that depends on the water content: 
Materials: a typical soil from Burkina-Faso

166
The material under investigation is a natural soil from Nasso, Burkina-167 Faso. From its particle size distribution ( Fig. 1 ), this soil can be classified as 168 a fine sand, the silty or clayey fraction is almost negligible. This is in agree-169 ment with the sorption isotherm curve which highlights a limited hygroscopic 170 domain that ranges from 0% to 2% (Fig. 2) . 
Liquid filtration 184
The soil water retention curve has been determined by merging measures 
204
The hydraulic conductivity at saturation, K sat , was measured experi- 
208
The relative permeability function, K r , is assumed to be described by the
209
Mualem's predictive model explicited in the case of the soil/water retention 210 curve proposed by Van Genuchten (1980) . The mathematical development 211 leads to the following relation (Van Genuchten and Nielsen, 1985) :
where the effective saturation, S e , is defined by
The water content at saturation, w sat , the residual water content, w res , and coefficients (L eq , k, r) through the following expressions:
far from equilibrium, i.e., 0
The neighbourhood of an equilibrium situation, i.e., when the vapour partial 240 pressure is close to its equilibrium value, corresponds to the validity domain on the literature, the relation chosen in this case seems to be appropriate.
295
On can notice an evaporation front that penetrates inside the soil column 
Is liquid/gas equilibrium is a valid assumption?
304
First of all, the validity of the isothermal assumption can be asserted us- tion. This hypothesis specifies that, on each point of the domain, liquid and 326 gas phases are in equilibrium. In our case, it can be written as:
postulating that the vapour pressure remains at its equilibrium value. Phys-328 ically, it amounts to saying that, when compared to diffusion, phase change is emphasized in the presence of a clayey fraction.
338
To evaluate the liquid/gas non-equilibrium, the ratio of the vapour pres-339 sure divided by its equilibrium value is proposed.
This criterion is plotted along the soil column in Fig. 10 . One can note that , 2006; Yamanaka and Yonetani, 1999; Yanful and Mousavi, 2003) . The governing the phase change flux (Eq. 9), phase change rate is maximum in 368 this region which creates the main source term in vapour transfer processes.
369
Thus, the 3 water transport phenomena coexist only in this transition zone.
370
As the evaporation front evocated in previous section penetrates in the is too restrictive while it is usually hidden by the non-isothermal vapour flux.
390
The material used in this work is a fine sand that does not present im- portant hygroscopic effects, i.e., the hygroscopic domain represents a limited range of water content 0% < w < 2% (Fig. 2) Or (2002) and Peters and Durner (2002) .
428
Since the coupling with heat flux is not taken into account, this model 
437
As evidenced previously, phase change kinetics is highly influenced by 438 hygroscopic effects (Lozano et al., 2008) . For instance, a clayey fraction will 439 decrease the phase change rate and extend the hygroscopic domain. Such a 440 situation would lead to intensify non-equilibrium, or at least to widen the
